Background and Purpose: Cardiopulmonary resuscitation with external chest compression generates low perfusion pressures that may be inadequate for restoring cerebral metabolism and may worsen intracellular pH. We tested the hypothesis that cerebral reperfusion with a low perfusion pressure after arrest restores brain adenosine triphosphate (ATP) and pH to levels attained at the same perfusion pressure without preceding complete ischemia.
Effect of Cerebral Blood Flow Generated During
Cardiopulmonary Resuscitation in Dogs on Maintenance Versus Recovery of ATP Background and Purpose: Cardiopulmonary resuscitation with external chest compression generates low perfusion pressures that may be inadequate for restoring cerebral metabolism and may worsen intracellular pH. We tested the hypothesis that cerebral reperfusion with a low perfusion pressure after arrest restores brain adenosine triphosphate (ATP) and pH to levels attained at the same perfusion pressure without preceding complete ischemia.
Methods: Brain ATP and intracellular pH were measured by magnetic resonance spectroscopy, and cerebral blood flow was measured with microspheres in anesthetized dogs. External chest compressions were begun in group A (n=6) immediately after the onset of arrest (ie, arrest time zero) and in group B (n=10) after 6 minutes of arrest (ie, arrest time 6 minutes). In both groups, mean cerebral perfusion pressure was regulated at 30 mm (Fig 1) . In group B, with 6 minutes of arrest time, CBF was less than prearrest levels, whereas in group A, with no arrest time, CBF at 20 minutes of CPR and thereafter was not different from prearrest levels and was greater than the corresponding levels in group B. However, CBF and the associated metabolic recovery in group B were observed to have a bimodal distribution. On the basis of CBF being greater or less than 15 mL/min per 100 g at 12 minutes of CPR, dogs in group B were further separated into moderate-flow (M; n=6) and low-flow (L; n=4) cohorts. The CBF value in cohort M (29+±5 mL/min per 100 g) was distinctly greater than in cohort L (8+2 mL/min per 100 g) at 12 minutes of CPR and remained greater throughout CPR despite equivalent CPP levels of 30 mm Hg (Fig 1) .
In group A, CMRO2 was maintained at prearrest levels, whereas in group B, CMRO2 was significantly reduced (Fig 2) . CMRO2 declined in both cohorts M and L, but the reduction in cohort L was substantially greater. Cerebral ATP was well preserved in group A for 50 minutes of CPR (Fig 2) . In (Fig 4) . I. (Table 1) . When cohorts M and L were analyzed separately, there were no differences between cohorts in any of the above arterial measurements except 02 saturation, which fell more in cohort L (86±9%) than in cohort M (92±4%) by 50 minutes of CPR.
Blood flow was also analyzed in other regions ( 
Discussion
The major findings of this study are that (1) when CPR is instituted immediately upon cardiac arrest and CPP is maintained at 30 mm Hg, the level of CBF generated is sufficient to preserve global CMRO2 and ATP for a prolonged period, but pHi gradually declines in parallel with the progressive decline in arterial and cerebral venous pH and (2) generating a CPP of 30 mm Hg is inadequate for restoring pHi and only partially restores cerebral ATP and CMRO2 when the institution of CPR is delayed 6 minutes after arrest and ATP is already depleted. In the latter case, the degree of metabolic recovery among dogs varied substantially and cosegregated with levels of CBF above or below 15 mL/min per 100 g.
In On theoretical grounds, the pH measurement is highly weighted by the compartment with the greatest P,, which, if there is ischemic heterogeneity, would be dominated by the most ischemic cells. A third explanation is that pHi is also influenced by blood pH. Ordinarily, metabolic acidemia does not cause major changes in cerebral pH.27 However, at critically low levels of CPP, blood pH may affect brain pH. The parallel time course of intracellular and sagittal sinus pH in group A is consistent with this possibility. Therefore, the magnitude of the decrease in pH, at low CPP may be specific for CPR because of the marked systemic metabolic acidosis associated with CPR and, in the case of the present study, the moderate respiratory acidosis. In addition, there was some decrease in arterial hemoglobin and oxygen saturation and a moderate hyperglycemia that could have amplified lactate acid production. Results from group B in which the 6-minute arrest time caused ATP depletion and intracellular acidosis before CPR demonstrated the inability to recover normal metabolic parameters at perfusion pressures that are ordinarily sufficient for maintenance of oxidative metabolism. CBF, CMRO2, and ATP during CPR were not only significantly different from prearrest control but in many dogs actually continued to decrease throughout CPR after some initial recovery. Thus, a CPP of 30 mm Hg was sufficient to initiate but not maintain recovery, presumably because of several of the many phenomena associated with ischemia/reperfusion injury. This is in marked contrast to our previous study, in which a CPP of 70 mm Hg was associated with a The results of the present and previous2 studies at 12 minutes of CPR permit assessment of the CBF requirement for ATP repletion after 6 minutes of complete ischemia. In cohort L, with a CBF of 8+2 mL/min per 100 g, ATP recovery was 35 + 12%. In cohort M, with a CBF of 29±5 mL/min per 100 g, ATP recovery was 74±11%. In our previous study, with a CPP of 70 mm Hg, CBF at 12 minutes of CPR was 57±16 mL/min per 100 g and ATP recovery was 85 ±7%. Thus, early reperfusion with near-normal levels of CBF appears to be required to reestablish near-normal levels of ATP. This is in contrast to the no-arrest-time group, in which levels of CBF below normal (27±4 mL/min per 100 g at 12 minutes) were associated with ATP levels of 105±6% before arrest. The apparently greater CBF requirement for ATP repletion than for ATP depletion may be related to greater postischemic ATP utilization for restoring ionic gradients or to greater blood flow heterogeneity during reperfusion, resulting in a greater portion of underoxygenated cells. Eleff and colleagues offers a unique opportunity to monitor brain bioenergetics on-line during cardiac arrest and resuscitation, while isolating and controlling critical physiological variables. In the present study, they have specifically examined the influence of 6 minutes of "downtime," the interval of cardiac arrest and of complete global ischemia preceding cardiopulmonary resuscitation. Cardiopulmonary resuscitation was subsequently performed at clinically relevant levels of cerebral perfusion pressure. Predictably, cerebral blood flow and adenosine triphosphate levels were better preserved during resuscitation in animals that had no downtime.
However, this technologically demanding experiment, employing vest cardiopulmonary resuscitation during magnetic resonance spectroscopy, generated one unexpected and intriguing result. Animals in the group subjected to 6 minutes of cardiac arrest before resuscitation developed two distinctly different patterns of cerebral circulatory and metabolic responses. In 6 of 10 animals, cerebral blood flow, the cerebral metabolic rate for oxygen, and adenosine triphosphate levels were preserved nearly as well as in animals that had no intervening period of complete cerebral ischemia; in the other 4 animals, the same variables were profoundly reduced.
These observations, potentially important in improving understanding of the heterogeneous clinical outcomes after cardiac arrest, demand continued investigation. Perhaps the best explanation of the bimodal distribution of responses is simply variability among mongrel dogs. More optimistically, a central cerebral circulatory or biochemical mechanism can be proved to explain the divergent physiologic manifestations. If so, perhaps an interventional strategy can be developed that will be applicable to humans during cardiopulmonary resuscitation. Donald S. Prough, MD, Guest Editor Departments ofAnesthesia and Neurology
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